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ABSTRACT: The Phase 5.3 Watershed Model simulates the Chesapeake watershed land use, r iver flows, and
the associated t ransport and fate of nut rient and sediment loads to the Chesapeake Bay. The Phase 5.3 Model is
the most recent of a ser ies of increasingly refined versions of a model that have been operat ional for more than
two decades. The Phase 5.3 Model, in conjunct ion with models of the Chesapeake ai rshed and estuary, provides
est imates of management act ions needed to protect water quali ty, achieve Chesapeake water quali ty standards,
and restore l iving resources. The Phase 5.3 Watershed Model t racks nut rient and sediment load estimates of
the ent i re 166,000 km2 watershed, including loads from al l six watershed states. The creat ion of software
systems, input datasets, and calibrat ion methods were important aspects of the model development process. A
community model approach was taken wi th model development and applicat ion, and the model was developed
by a broad coali t ion of model pract i t ioners including envi ronmental engineers, scient ists, and envi ronmental
managers. Among the users of the Phase 5.3 Model are the Chesapeake watershed states and local govern-
ments, consul tants, r iver basin commissions, and universi t ies. Development and applicat ion of the model are
descr ibed, as well as key scenarios ranging from high nut r ient and sediment load condit ions if no management
act ions were taken in the watershed, to low load est imates of an all-forested condi t ion.
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INTRODUCTION

The Chesapeake’s 166,000 km2 watershed includes
parts of New York, Pennsylvania, West Vi rginia,
Delaware, Maryland, Vi rginia, and the ent i re Dist r ict
of Columbia (Figure 1). The Chesapeake watershed
spans the Appalachian, Ridge and Valley, Piedmont,
and Atlant ic Coastal Plain geologic provinces in the

Mid-Atlant ic region. The At lant ic Coastal Plain is a
flat, lowland area wi th a maximum elevat ion of about
90 m. The Coastal Plain extends from the edge of the
continental shelf, east to a fall l ine that ranges from
25 to 145 km west of the Chesapeake Bay. The fal l
l ine forms the boundary between the Piedmont Pla-
teau and the Coastal Plain and is marked by a rapid
drop in elevat ion wi th waterfal ls and rapids, as well
as the Bay watershed ci t ies of Balt imore, Washington,
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D.C., Freder icksburg, and Richmond. Those ci t ies
developed along the fall l ine taking advantage of both
the potent ial water power generated by the fal ls and
opportunit ies for t idewater shipping. The confluence
of geography and history placed the largest populat ion
centers in the watershed, including Balt imore, Wash-
ington, D.C., and Richmond, di rect ly on the Chesa-
peake t idal waters. The Eastern Shore is ent i rely
within the Coastal Plain.

The Piedmont Plateau extends from the fal l l ine in
the east to the Ridge and Val ley province in the west.
Both the Piedmont and the Coastal Plain are regions
of considerable agricultural act ivi ty. The Ridge and
Valley and the Appalachian provinces cover the wes-
tern and northern par t of the watershed and are typi-
cal ly character ized by forested mountain slopes and

agr icultural land uses in the valleys. The current
land use in the watershed is about 65% forest or
wooded, 24% agr iculture, and 11% developed land
(buildings, roads, and so on, in urban, suburban, and
rural areas) (USEPA, 2010d). Near ly 17 mil l ion
people live in the Chesapeake Bay watershed.

The t idal waters of the Chesapeake are impaired
by high loads of nut r ients and sediment f rom the
watershed (Kemp et al., 1992, 2004, 2005; Boynton
et al., 1995; Boynton and Kemp, 2008) and the
Chesapeake total maximum daily load (TMDL)
allocat ion is designed to reduce nut r ient and sedi-
ment loads from the watershed to achieve dissolved
oxygen, chlorophyll, and clar i ty water quali ty stan-
dards in the t idal Bay (USEPA, 2010a; Linker et al.,
this issue).

FIGURE 1. Locat ion of the Chesapeake Bay Watershed.
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To develop the TMDL allocat ion and to simulate
the flows and nut r ient and sediment loads in the
watershed, the open source, publ ic domain Phase 5.3
Community Watershed Model was developed and is
freely dist r ibuted through web sites of the EPA Chesa-
peake Bay Program Office and the Chesapeake Bay
Community Model Program (ht tp://www.chesapeake-
bay.net/phase5.htm and ht tp://ches.communitymodel
ing.org/models/CBPhase5/index.php).

Community Model Approach

Phase 5.3 is based on Hydrologic Simulat ion Pro-
gram — Fort ran (HSPF) which is a widely used
watershed model in continual development through
support by several federal agencies (Donigian et al.,
1995a, b; Bicknell et al., 1997, 2001). HSPF is a con-
t inuous, physical ly based, lumped-parameter model
that simulates hydrology, sediment, and water qual-
i ty const i tuents in the soil and in st reams. The model
uses meteorological informat ion, land surface charac-
terist ics, appl icat ion data, and management pract ices
to simulate the processes that occur in a watershed.
The resul t of the simulat ion is a mult idecade t ime
series of flow, and nut r ient and sediment loads at
any segment in the watershed. An HSPF model is
typical ly cal ibrated to observed flow and water qual-
i ty data measured at r iver segment outlets.

The Phase 5.3 applicat ion of HSPF has been devel-
oped by a broad coali t ion of model pract i t ioners, envi-
ronmental engineers, scient ists, and envi ronmental
managers. The Chesapeake Bay Program, pr incipal ly
through its modeling and nut rient work groups, pro-
vided technical guidance and review of the Phase 5.3
Model development and appl icat ion. Among the users
of the Phase 5.3 Communi ty Watershed Model are
Chesapeake Bay watershed states and local govern-
ments, which use the Phase 5.3 Model as a star t ing
point for small-scale TMDL and other pol lutant load
modeling. Using the same model for local TMDL
development that al ready provides guidance to the
regional Chesapeake TMDL has obvious advantages
of efficiency and consistency. For three states, Vi r-
ginia, Maryland, and Delaware, the Phase 5.3 Model
domain was extended beyond the Chesapeake
watershed boundary, shown in red in Figure 1, to
provide, to the ful lest extent possible, consistent
state-wide coverage for both the Chesapeake TMDL
and local TMDLs. Other community model users
include consultants, r iver basin commissions, and
universit ies that can use the Phase 5.3 analysis capa-
bi l i ty in studies of watersheds, water supply, and
climate change.

The Phase 5.3 Model code, documentat ion, calibra-
t ion data, data l ibrar ies, l ist servers, the Model

Operat ions Manual, model scenario output, and more
can be found on the links above. These websites are
dynamic and are intended to be responsive to user
needs. As Phase 5.3 Model development and appl ica-
t ion expand, the information on these websi tes wil l
cont inue to be updated (Shenk et al., 2012).

The Phase 5.3 Model is the most recent of a series
of increasingly refined versions of the Chesapeake
Bay Watershed Model. Different versions of the
model have been operat ional for more than two dec-
ades. Since the fi rst version in 1982, the t rends in
development of the Watershed Model are: (1) finer
segmentat ion, (2) longer simulat ion periods, (3)
greater simulat ion detai l, par t icular ly simulat ion of
the nit rogen and phosphorus cycle in more detai l, (4)
more complexity in the development of nut r ient input
data such as fer t i l izer, manure, and atmospher ic
deposi t ion, (5) greater rel iance on web-based dist r ibu-
t ion of model resul ts and documentat ion, and (6)
applicat ion of open source, public domain, community
model ing where model code, preprocessors, and post-
processors are dist r ibuted via web servers to the pro-
fessional communi ty (L inker et al., 2008; Shenk
et al., 2012).

Model Development History

The Chesapeake Watershed Model has been in
continuous operat ion since 1982 and has had many
upgrades and refinements (Linker et al., 2002). The
fi rst version of the model ut i l ized propr ietary soft-
ware and simulated 64 model segments with a two-
year (1974-1975) calibrat ion period, a three-year
applicat ion period (1966, 1974, and 1975), and a
three-year ver ificat ion per iod (1976-1978) (Hart igan,
1983). Five land uses were simulated including for-
est, urban, pasture, and cropland under high and
low ti l lage. The major product of this appl icat ion was
the est imat ion of nonpoint source and point source
loads for each major basin (USEPA, 1983) and the
demonst rat ion of the relat ive importance of cont rol-
l ing nonpoint and point source loads in the Chesa-
peake Bay.

The next version of the Watershed Model, called
Phase 1, was completed in 1985 with the pr imary
purpose of conver t ing the Watershed Model to
the HSPF public domain code, on which i t now runs
(Johanson et al., 1980; Donigian et al., 1984; Bicknel l
et al., 1997, 2001). This phase of the model was
linked to a steady-state model of the estuary to est i-
mate the water qual i ty benefi ts of a nut r ient load
reduct ion in 40% of the cont rol lable loads, which
were defined as the loads greater than those pro-
duced by an all-forested condi t ion (Thomann et al.,
1994).
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Phase 2 of the model development increased the
simulat ion per iod to four years (1984-1987) wi th t ime
steps of 1 h, and added land uses to simulate areas of
concent rated loads l ike feedlots, as well as atmo-
spheric deposi t ion to water surfaces (Donigian et al.,
1994). This version was completed in 1992 and used
linkages to the Regional Acid Deposi t ion Model in
developing scenarios of atmospher ic deposit ion of
nit rogen (Dennis, 1996). The Phase 2 Watershed
Model was fully l inked to a three-dimensional, t ime-
varying model of the estuary (Cerco and Cole, 1994).
Using those two linked models, the nit rogen and
phosphorus load reductions needed to achieve the
1987 Chesapeake Bay Agreement nut rient reduct ion
goals were established (Thomann et al., 1994).

Subsequent model phases expanded simulat ion
periods, segmentat ion, and mechanist ic detai l in land
use and best management pract ice (BMP) simulat ion
(Linker et al., 2002). These inter im model phases led
to the development and applicat ion of the Phase 4.3
Model, which was applied in the establishment of the
2003 Allocat ions (Koroncai et al., 2003). The Phase
4.3 version simulated a period of 14 years (1984-
1997) using 94 model segments with nine land uses.
Phase 4.3 was based on a sl ight ly modified version of
HSPF release 11.1 (Johanson et al., 1980; Donigian
et al., 1984; Bicknel l et al., 1997, 2001).

In Phase 5.3, the Watershed Model has increased
in complexi ty, commensurate wi th the increased
management chal lenges associated with the Chesa-
peake Bay TMDL. The model simulat ion per iod was
expanded from 1984 to 2005 to take advantage of
recent and expanded monitor ing data. The expansion
of model simulat ion to a 22-year per iod requi red a
change in the t reatment of land use in model calibra-
t ion. Whereas Phase 4.3 and al l previous versions
had a constant land use, Phase 5.3 al lowed a t ime
series of land use input data to change annual ly over
the 1984-2005 simulat ion per iod (Shenk et al., 2012).
Segmentat ion and the number of monitor ing stat ions
used for cal ibrat ion increased by about an order of
magni tude compared to Phase 4.3 (USEPA, 2010c).
Phase 5.3 has greater mechanist ic detai l including an
expansion of land uses to 13 types of cropland, 2
types of woodland, 3 types of pasture, 4 types of
urban land, and other special land uses such as sur-
face mines and const ruct ion land uses. The increased
complexity of Phase 5.3 posed challenges in efficient
model operat ion in the large-scale watershed, as wel l
as in incorporat ing changes in management pract ices
and land uses over t ime. To resolve these diff icul t ies,
anci l lary software that enhances the exist ing HSPF
model st ructure was developed (Shenk et al., 2012).

In the Chesapeake TMDL applicat ion, the Phase
5.3 Model is used wi th Bay Program models of the
ai rshed (Communi ty Mult iscale Air Quali ty Model —

CMAQ) and t idal Bay water quali ty (Water Qual i ty
and Sediment Transport Model) (L inker et al., 2008,
this issue; Cerco et al., 2010, this issue; Cerco and
Noel, this issue).

METHODS

Phase 5.3 Communi ty Watershed Model simulates
both land and river processes. Simulated r iver
reaches receive flows, nut r ients, and sediment from
the land simulat ion and ult imately t ransport thei r
loads to the Bay. The framework for the Phase 5.3
Community Watershed Model is based on joint ly
applying two types of segmentat ion to the model
domain: (1) county-based land segments, and (2) r iver
segments, which are the watersheds associated wi th
the r iver reach network (Martucci et al., 2006; USEPA,
2010c). Figure 2 il lust rates the overlapping land seg-
ments and r iver segments for the example of Tioga
County, Pennsylvania. The intersect ion of a land seg-
ment and a r iver segment is designated a land-river
segment.

FIGURE 2. An Example of the Relat ion between Land Segments,
River Segments, and Land River Segments

in Tioga County, Pennsylvania.
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Model Segmentat ion

In Phase 5.3, the Chesapeake watershed is repre-
sented as 309 land segments which are primar ily
defined by county boundaries because this is the
finest scale available for key model inputs, such as
manure loads and crop types obtained from Agr icul-
tural Census data (U.S. Census Bureau, Economics
and Stat ist ics Administ rat ion, 1982, 1987, 1992,
1997, 2002, 2007). Surface and subsurface flows, sedi-
ment, and water quali ty const i tuents from the land
segments are discharged to r iver segments represent-
ing a r iver reach, a lake or reservoi r, or a watershed
discharging di rect ly to t idal waters.

The Phase 5.3 Model r iver segmentat ion has 1,063
r iver segments with an average area of about
170 km2. At this scale, 287 of the r iver segments had
available st reamflow observat ions that were represen-
tat ive of the simulated r iver in that segment. This
number was more than an order of magni tude
increase compared to the 20 stat ions used for calibra-
t ion of the previous Phase 4.3 version (USEPA,
2010c). The increased segmentat ion of Phase 5.3
improves character izat ion of spat ial var iat ion within
the limi tat ions of the “lumped-parameter” HSPF
model. The hydraul ic and water qual i ty processes
that occur in the r iver channel network are simulated
as completely mixed reaches, and increasing the num-
ber of reaches increases the longi tudinal variat ion.

Land Use and Management Practices

The Phase 5.3 Model expands land use types to 26.
Each land use is simulated on an hourly t ime step
t racing the fate and t ransport of input nut r ient loads
from atmospheric deposi t ion, fer t i l izer, and animal
manure. Each land use is simulated as a single unit
area in each segment, and the single uni t area, such
as a hectare is then mult iplied by the hectares of each
land use draining to each river segment (USEPA,
2010d).

Coincident wi th the development of Phase 5.3 was
the development of an onl ine decision-support tool
known as Scenario Builder (USEPA, 2010e). Scenario
Bui lder is used to generate calibrat ion and scenario
data for the Phase 5.3 Model. Combined with the
Phase 5.3 Model, the tool provides rapid scenario
development and applicat ion. Scenario Builder allows
state and local governments and watershed organiza-
t ions to t ranslate land use decisions such as zoning,
permit approvals, and BMP implementat ion into
changes in nit rogen, phosphorus, and sediment loads
from a part icular county or watershed. Scenario
Bui lder is used by state and local governments for
assessment and development of management plans to

meet load allocat ions associated wi th the Chesapeake
and local TMDLs.

The Scenar io Builder tool ut i l izes input data from
diverse sources, including the Agricul tural Census,
the Chesapeake Bay Program land use change
model, the Chesapeake Bay Program point source
database, the Nat ional Envi ronmental Informat ion
Exchange Network, data on BMP effect iveness, and
state-supplied nut r ient use and BMP implementat ion
data. The tool can process data at a variety of scales,
including land-r iver segment, r iver segment, land
segment, county, state and basin, t r ibutary st rategy
basin or state.

Detai led informat ion on Scenario Builder can be
found at ht tp://www.chesapeakebay.net/phase5.htm.

Precipitation and Meteorology Inputs

The foundat ion of any hydrological simulat ion is
the input precipi tat ion data. The Phase 5.3 Model
uses hourly t ime series of precipi tat ion over the 1984-
2005 simulat ion per iod. Developing decades of hour ly
precipi tat ion t ime ser ies is a challenge as new precip-
i tat ion monitor ing stat ions became operat ive and
older stat ions are discont inued. A precipi tat ion model
(Hay et al., 1991, 2000, 2006) was used for generat ing
the Phase 5.3 precipi tat ion datasets to account for
the changing spat ial dist r ibut ion of observed stat ions
over the simulat ion per iod. Observed precipi tat ion
data are interpolated across the Phase 5.3 domain by
fi t t ing a mul t iple regression equat ion that relates the
observed dai ly data to lat i tude, longi tude, and eleva-
t ion. In the case of the Phase 5.3 Model, the Chesa-
peake Bay basin was divided into six subregions, and
a separate regression equat ion was fi t ted by month
for each subregion. The intercept for each regression
equation was allowed to vary on a daily basis to
match local observed data. The fit ted equat ions were
then interpolated onto a 5-km gr id and then averaged
over land segments to est imate precipitat ion inputs.
The resul tant dai ly est imates were conver ted to
hour ly t ime series needed by the Phase 5.3 model
using nearby avai lable hourly observat ions that most
closely matched the daily total. Temperature est imates
were produced using a similar method (USEPA,
2010f).

The hour ly meteorological data in the Phase 5.3
Watershed Model include ai r temperature, wind
speed, and solar radiat ion. Ai r temperature is mod-
eled from observat ions from numerous stat ions using
a model simi lar to the precipitat ion model. Wind
speed and solar radiat ion were compiled from
observed meteorological data of daily average wind
speed and daily cloud cover from sunrise to sunset
taken at the seven pr imary meteorological stat ions
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including Binghamton, New York; Will iamsport,
Pennsylvania; Middletown/Harr isburg, Pennsylvania;
Elk ins, West Vi rginia; Dul les Airpor t, Vi rginia; Roa-
noke, Vi rginia; and Richmond, Vi rginia (USEPA,
2010f).

Nutr ient Inputs

Nutr ient inputs to the Chesapeake watershed
model or iginate from manure, fer t i lizer, wastewater
discharges, sept ic system loads, and atmospheric
deposi t ion. Manure loads are est imated over the
1984-2005 model simulat ion per iod from county-based
animal inventories in the Agricul tural Census (U.S.
Census Bureau, Economics and Stat ist ics Administ ra-
t ion, 1982, 1987, 1992, 1997, 2002, 2007). Animal
types and typical manure handling pract ices are
accounted for in est imating the manure load avail-
able for appl icat ion to the land and the est imated
losses from volat i l izat ion (USEPA, 2010g).

Fer t il izer applicat ion rates are determined from
crop uptake rates guided by crop yields, as repor ted
every five years in the Agricultural Census. Monthly
applicat ion rates are specified in the land use inputs
that represent star ter, side-dress, and other fer t il izer
applicat ions for the specific crop (USEPA, 2010g). I t
is assumed in the simulat ion that fer t i lizer is applied
in a way that avoids harming crops. Nut r ient over-
applicat ion could cause lodging in grains or other
harmful effects on plants. Where manure loads are
insufficient to meet the applicat ion rates consistent
with the est imated crop yield, fer t i l izer is applied. A
fur ther assumpt ion is that farmers apply fer t i l izer in
an economically rat ional manner and aim toward
agronomical ly efficient appl icat ion rates.

Wastewater nut r ient loads are est imated for muni-
cipal and indust r ial discharges, combined sewer over-
flows, sani tary sewer overflows, and on-site
wastewater disposal systems. The loads are est imated
on a monthly basis for major wastewater faci l i t ies
and on an annual basis for minor facil i t ies based on
the Nat ional Pollutant Discharge El iminat ion System
records (USEPA, 2010h). As in the case of al l the
nut r ient loads in the Phase 5.3 Model, the complete
t ime series of information on point source discharges
as applied in the Phase 5.3 r iver segments from 1985
to 2005 are in the Chesapeake Communi ty Modeling
Program’s Phase 5.3 data l ibrary at: ht tp://ches.
communitymodeling.org/models/CBPhase5/datalibrary.
php.

Loads of ni t rogen from atmospheric deposi t ion are
est imated by a combinat ion of a regression model of
wet deposit ion (Grimm and Lynch, 2007), and a cont i-
nental-scale ai r qual i ty model of North America
called the CMAQ for est imates of dry deposi t ion

(Dennis et al., 2007; Hameedi et al., 2007). The
CMAQ Model also provides est imates of ni t rogen
deposi t ion resul t ing from changes in emissions from
ut i l i ty, mobile, and indust rial sources due to manage-
ment act ions or growth (Linker et al., this issue).

Land Use Target Load Calculat ion

The star t of the nut r ient cal ibrat ion process is
development of land use-specif ic target loads for cal i-
brat ion of nut rient loads from each land use (USEPA,
2010i). The approach was to use all relevant l i tera-
ture values for a given land use to establish a median
target cal ibrat ion load for that land use. The median
target load derived from the li terature was assumed
to be the exported load of a land which had a median
input load for that land use as shown in Figure 3. To
get the est imated load target for each land segment,
the relat ive amounts of the input nut r ients from
fer t i l izer, manure, and atmospheric deposi t ion of
ni t rogen for that land segment land use was deter-
mined. Then a slope of the change in export load to
nut rient load inputs was established where the inter-
cept with the y-axis cor responding to zero input loads
was set at half the median land use expor t target
value as shown in Figure 3. At a zero input load, a
condi t ion not actual ly seen for any land use in the
watershed, the export target load would decrease to
half that of the median because of the assumpt ion
that even under the condit ion of no new input loads
the land would st i l l discharge ni t rogen at a decreased
rate from groundwater and soil storage. This
approach allowed for changes in appl icat ion loads to
cause an increase or decrease in nut rient expor ts. For
a part icular land use, i t al lows a land segment wi th
high total input loads to have relat ively high est i-
mated nut r ient targets and a land segment wi th

FIGURE 3. An Example of the Relat ionship between Input Nut r i-
ent Loads and Ini t ial Expor t Target for Any Land Use. The nitro-
gen expor t target load for the forest, woodlots, and woodland land
use is represented in this example. The observed range of input
loads in this example is 2.9-12.4 kg/ha/yr.
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relat ively low loads to have a lower target. I t should
be noted that this method only establ ished the init ial
cal ibrat ion targets. Fur ther adjustments were made
during the cal ibrat ion process. This method is not
used for scenario analysis; rather the sensi t ivi ty to
inputs is di rect ly modeled. The approach and key
assumpt ions are explained below for the example of
the land use of forest, woodlots, and wooded.

The forest, woodlots, and wooded land use only
receives atmospheric input (USEPA, 2010i). The med-
ian forest total ni t rogen load exported to st reams and
r ivers was found to be 1.4 kg/ha/yr, and the median
atmospher ic deposi t ion in the Chesapeake watershed
is 5.5 kg/ha/yr with a range from 2.9 to 12.4 kg/ha/yr
for the 309 land segments of the Chesapeake
watershed. I t was also assumed that responses to
changes in atmospheric deposi t ion would be linear
which is consistent with the l i terature under moder-
ate levels of nit rogen loading to forest. At high levels
of atmospheric deposit ion, ni t rogen saturat ion occurs
and the rate of expor t increases faster than the rate of
deposi t ion increase (Aber et al., 1989, 2003; Hunsack-
er et al., 1993; Stoddard, 1994; Goodale et al., 2002).

Models involve choices, and the choices in set t ing
the land use nut r ient load calibrat ion targets were
made from a col lect ion of observed values described
in the l i terature which are always too few. More
detai led local data for land use wi thin each segment
are always to be desi red, though are rarely available.
The aim of the calibrat ion target loads was to repre-
sent broad watershed character ist ics of the export of
nut r ient loads from each simulated land use. Table 1
gives the mean annual cal ibrated nit rogen and phos-
phorus loads for land uses in the 309 land segments.
The range of the annual average export targets is set
by the variat ion in input nut r ient loads as descr ibed

above. Note that Table 1 contains 16 land uses rather
than 26 as descr ibed above. The addit ional 10 land
uses in the final model are subclasses of those l isted
in Table 1. The developed classes are divided into
high and low densi ty and many of the agricul tural
classes have nut rient management subclasses with
modified inputs of fer t i l izer and manure.

Enhanced Phase 5.3 Model Structure

An enhanced HSPF model st ructure was developed
for the Phase 5.3 Model to simulate the spat ial seg-
mentat ion that increased by an order of magnitude
over the previous Phase 4.3 version (Linker et al.,
2008). The enhanced st ructure is useful for large
model applicat ions to administer the model eff icient ly
and to simulate the effects of land use and manage-
ment change through decadal t imescales. The
enhancement consists of two preprocessors called the
Land UCI Generator (LUG) and the River UCI Gen-
erator (RUG), and an External Transfer Module
(ETM). UCI refers to a User Cont rol Input fi le which
is the standard method of parameterizing an HSPF
run. The LUG and RUG preprocessors were devel-
oped to automatical ly generate input fi les for land
and river simulat ions and the ETM is a software sys-
tem that l inks land simulat ion to r iver simulat ion
wi th dynamic land use and management pract ice
t ransfer funct ions (Shenk et al., 2012).

Automated calibrat ion techniques were applied in
the hydrology, land, and r iver nut rient and sediment
cal ibrat ions (USEPA, 2010i,j,k). The techniques were
general ly rule-based opt imizat ions in which a param-
eter in the simulat ion is l inked to a specific cal ibra-
t ion metr ic or set of met rics. These cal ibrat ion
metr ics were found heur ist ical ly through calibrat ion
exper ience, sensi t ivi ty tests, and t r ial and error.
Automated calibrat ion of HSPF and other watershed
models is a growing pract ice as comput ing power
increases (Lumb et al., 1994; Flynn et al., 1995;
Doherty and Johnston, 2003).

RESULTS

Seven key scenar ios were used to assess the
achievement and maintenance of the Chesapeake
water quali ty standards for dissolved oxygen, chloro-
phyl l, and clari ty. One key scenario was the 2010
Tributary St rategy Scenar io, which encompassed the
est imated 2010 management condi t ions, land use,
and human and animal populat ions under condit ions
of the 2003 Allocat ion’s t r ibutary st rategies (Koroncai

TABLE 1. Nit rogen and Phosphorus Calibrat ion
Targets in kg/ha/yr.

Land Use
N i t r ogen
(kg/ha/y r )

Phosphor us
(kg/ha/y r )

Forest, woodlots, and wooded 3.4 0.1
Hay — unfert i l ized 6.7 0.4
Pasture 7.6 0.8
Alfalfa 9.2 0.8
Hay — fer t i l ized 10 0.9
Pervious developed 14 0.7
Impervious developed 18 2.4
Ext ract ive 21 3.9
Harvested forest 34 0.9
Convent ional t i l l wi thout manure 39 2.8
Convent ional t i l l receiving manure 39 2.2
Conservat ion t i l l receiving manure 39 1.7
Construct ion 42 7.8
Degraded r ipar ian pasture 72 9.4
Nursery 404 95
Animal feeding operat ions 1,681 112
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et al., 2003). This is set in cont rast to the 2010 Alloca-
t ion Scenario, which represents the est imated loads
under the Phase I Watershed Implementat ion Plans
(WIPs) (USEPA, 2010a). Other key scenar ios included
a 2010 No-Act ion Scenario and an E3 Scenar io which
together formed the basis for the 2010 TMDL Alloca-
t ion (USEPA, 2010b). Scenar ios were also developed to
represent key Chesapeake Bay Program years such as
the 1985 Scenar io, corresponding to a per iod of highest
nut r ient and sediment loads to the Bay, and the 2009
Scenario represent ing current condi t ions. The lowest
loads to the Bay were simulated by the Al l Forest Sce-
nar io which est imated the nut r ient and sediment
loads under an all-forested condit ion in the watershed
(USEPA, 2010b).

No-Action Scenar io

The No-Act ion Scenar io est imates nut r ient and sed-
iment loads under the condi t ions of no envi ronmental
point sources and nonpoint source cont rols using a
2010 land use and populat ion (USEPA, 2010b). Major
widespread management pract ices such as nut r ient
management and conservat ion t il lage were eliminated
in this scenar io. Atmospheric deposi t ion loads of ni t ro-
gen were set at est imated 1985 high load condit ions.
Wastewater point source load assumpt ions were
assumed to be at a level of pr imary t reatment only,
with no phosphate detergent ban in place. Wastewa-
ter point source loads were assumed to be 25 mg/l

total nit rogen and 6 mg/l total phosphorus concent ra-
t ions and at 2010 flows. Figures 4-6 show the relat ive
propor t ion of nut r ient- and sediment-del ivered loads
for the 2010 No-Act ion Scenario. The No-Action
Scenario is a what-if scenar io of watershed condi t ions
wi th minimal managed nut r ient and Sediment
cont rols on loads. I t is used with the E3 Scenar io to
define control lable loads, the difference between No-
Act ion and E3 loads. Cont rol lable loads is a compo-
nent of the methodology used to develop the 2010
TMDL Allocat ion loads needed to meet water qual i ty
standards (Linker et al., this issue).

1985 Scenar io

The 1985 Scenario uses est imated 1985 land uses,
animal populat ions, atmospher ic deposit ion, and
point source loads (USEPA, 2010b). The scenar io’s
nut rient load estimates, along with the 2010 No-
Act ion Scenario, have the highest del ivered loads of
nut rients and sediment to the Bay (Figures 4-6).

2009 Scenar io

The 2009 Scenario represents an est imate of cur-
rent load levels and uses est imated 2009 land uses,
animal populat ions, atmospher ic deposit ion, and
point source loads. The 2009 year was chosen for
simulat ion as i t was the most recent year for which

FIGURE 4. Est imated Total Nit rogen Loads from Key Scenar ios in Mil l ion kg/yr. Al l loads are flow normalized.
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complete input informat ion was avai lable during the
2010 TMDL assessment.

2010 Tr ibutary Strategy Scenar io

The 2010 Tr ibutary St rategy Scenario est imates
the nut rient and sediment loads of the jur isdict ions’

Tr ibutary St rategies set as a result of the agreement
on the 2003 Al locat ions. This scenar io included an
accounting for al l the Tributary St rategy BMPs on a
2010 land use, and the 2010 est imated permit ted
loads for al l the significant and nonsignif icant waste-
water dischargers. Ni t rogen atmospher ic deposi t ion
inputs were from estimated 2020 deposit ion loads
and included the est imated State Implementat ion

FIGURE 5. Est imated Total Phosphorus Loads from Key Scenar ios in Mil l ion kg/yr. Al l loads are f low normal ized.

FIGURE 6. Est imated Total Sediment Loads from Key Scenar ios in Mil l ion kg/yr. Al l loads are f low normal ized.
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Plans to reach 2020 air qual i ty standards (Linker
et al., this issue).

2010 TMDL WIP Scenar io

The 2010 TMDL Allocat ions were simi lar to the
previous 2003 Al locat ion, and the st rategies of point
source and nonpoint source reductions to achieve
both allocat ions were also simi lar on a Bay-wide
basis. The six states and Washington, D.C. in the
Chesapeake Bay Watershed developed WIPs designed
to meet the TMDL Allocat ions. In these scenar ios,
the 2010 WIPs were run on 2010 land use. Atmo-
spheric deposi t ion loads were based on point source
mobi le and other emissions at a 2020 level of imple-
mentat ion.

Everyone, Everywhere, Doing Everything (E3)
Scenar io

The E3 Scenario is an estimate of applying man-
agement act ions to the fullest possible extent. The E3
Scenario is a what-if scenar io of watershed condit ions
with theoret ical maximum levels of managed cont rols
on load sources (Figures 4-6). There are no cost and
few physical l imi tat ions to implement ing BMPs for
point and nonpoint sources in E3. I t is used with the
No-Act ion Scenar io to define cont rol lable loads, the
difference between No-Act ion and E3 loads (USEPA,
2010a).

Al l-Forest Scenar io

This scenar io uses an al l forest land use and cur-
rent est imated atmospher ic deposi t ion loads for the
1991-2000 period and represents est imated loads wi th
maximum reduct ions on the land including the elimi-
nat ion of fer t i l izer, point source, and manure loads.
However, this scenar io has loads greater than what
would be est imated from a pr istine scenar io, which
would have reduced input atmospheric deposi t ion
loads by approximately one order of magnitude, el imi-
nated river reservoi rs, and assumed a lower forest
loading rate than that of modern forests and wood-
lands (USEPA, 2010b).

Mass Balances of Major Land Use Types

Mass balances of the annual average major inputs,
outputs, uptake, and loss of nut r ients were done for
al l the land uses and nit rogen mass balances are
shown for three agr icultural land uses in Figures 7-9.

Major nit rogen inputs to land uses are from atmo-
spher ic deposi t ion, fer t i l izer, and manure. Another
major input of ni t rogen comes from crops that are
ni t rogen-fixing legumes such as soybeans. Al though
nit rogen loads from legumes are not shown in
Figures 7-9, annually legume crops add an est imated
addi t ional 32.5 mill ion k ilograms of ni t rogen annu-
ally to agricul tural lands in the watershed (USEPA,
2010i). The loss and fate of nit rogen in the landscape
is represented in the model as loss from plant uptake,
denit r if icat ion, soi l storage, and export to r ivers and
st reams. Similar plots and analysis can be formed for
phosphorus.

Cropland Nit rogen Mass Balance

Cropland represented in Figure 7 includes al l
types of row crops in the Chesapeake watershed
including conventional t i l lage and low or no t i l lage

FIGURE 7. Average Mass Balance of Cropland Nit rogen
over the Chesapeake Bay Watershed.

FIGURE 8. Average Mass Balance of Hay and Alfalfa Nitrogen
over the Chesapeake Bay Watershed.
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crops, as well as nut r ient management croplands
(USEPA, 2010d) and covers about 10% of the
watershed area. The greatest areas of row crops in
the Chesapeake watershed are in corn, soybeans, and
smal l grains. Overall est imated annual average nit ro-
gen inputs to Chesapeake row crops are 128 kg/ha/yr.
The greatest of these is fer t i l izer which makes up
65% of the annual input ni t rogen loads. Uptake,
losses, and export from the row crops to r ivers are
154 kg/ha/yr, and the greatest of the losses and sinks
for nut r ients on row crops and for agr icul tural lands
are plant uptake and subsequent harvest of and
removal of the crops for food or forage.

In the mass balance calculat ions of Figures 7-9,
the fer t i l izer, manure, and atmospheric deposi t ion
inputs are calculated from all cropland land use types
in the 309 land segments of the model. L ikewise, the
export and crop uptake values are model calculat ions
from all cropland land uses in all land segments. The
difference between inputs and outputs are the com-
bined effects of denit r if icat ion, change in soi l storage,
and fixat ion. Where the balance of inputs and outputs
is negat ive, fixat ion and any loss of soi l ni t rogen is
simulated as greater than the sum of denit r ificat ion
and any gain of soi l ni t rogen.

Also of note are the est imated atmospheric deposi-
t ion loads in Figure 7 which are relat ively higher for
cropland than for hayland and pasture in Figures 8
and 9, respect ively. This is due to the detai led spat ial
est imates of atmospheric deposit ion loads in the
Chesapeake watershed (Linker et al., this issue) and
the predominant placement of row crops in the East-
ern Shore and Piedmont regions including the Shen-
andoah Valley where atmospher ic deposi t ion loads
are relat ively high. Al though atmospher ic deposi t ion
loads are smal l on agr icul tural land uses compared to
manure and fer t i lizer ni t rogen loads, the rate of

atmospheric loading is important because of i ts ubiq-
ui tous nature. Atmospheric deposit ion is one of the
highest overal l ni t rogen input loads (Figure 10).

Hayland Nit rogen Mass Balance

Hayland represented in Figure 8 includes all types
of hay in the watershed (USEPA, 2010d). Hayland
covers about 7% of the watershed. Similar to crop-
land, est imated annual average ni t rogen inputs to
hayland include fer t i l izer, manure, and atmospher ic
deposi t ion which together total 85/ha/yr ki lograms.
The greatest input loads are from fer t i l izer. Nit rogen
uptake by hayland is est imated to be 78% of the
input loads, leaving an est imated annual average of
14 kg/ha/yr to be expor ted from the land to the
rivers.

Pasture Nit rogen Mass Balance

Pasture represented in Figure 9 includes al l pas-
ture land use types as well as nut r ient management
pasture lands (USEPA, 2010d) and, like hayland, cov-
ers about 7% of the watershed area. Ni t rogen inputs
to pasture are est imated to be solely from atmo-
spher ic deposi t ion and manure, with the
predominance of manure generated by pastured ani-
mals. Stocking rates on pasture are calculated from
the agr icul tural Census of appropriate animal types
on each land segment and the est imated available
land in pasture (U.S. Census Bureau, Economics and
Stat ist ics Administ rat ion, 1982, 1987, 1992, 1997,
2002, 2007; USEPA, 2010i). Manure is applied to
pasture according to the amount of pastured animals
in a county land segment and the amount of t ime
that animal type spends in the pasture. The amount
of t ime that the animal does not spent in pasture,
i.e., confinement, defines the amount of manure that
is stored, and subsequent ly appl ied to cropland.
Overal l, an est imated 12 kg/ha/yr of nit rogen was
est imated to be expor ted from pasture lands to rivers.

Watershed Trends in Nutr ient Loads

In the Phase 5.3 Model, the four key nonpoint
source nut r ient inputs are atmospher ic deposi t ion,
manure inputs, fer t i l izer inputs, and wastewater
f rom point sources and septic systems (USEPA, 2010i).
The t rends in those key inputs over the 2-decade simu-
lat ion per iod vary as shown in Figure 10. Wastewater
point source and atmospheric deposi t ion loads are
est imated on an annual basis and manure and fer t i l i-
zer loads are est imated on a five-year basis from

FIGURE 9. Average Mass Balance of Pasture Nit rogen
over the Chesapeake Bay Watershed.
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Agricul tural Census records (U.S. Census Bureau,
Economics and Stat ist ics Administ rat ion, 1982, 1987,
1992, 1997, 2002, 2007).

DISCUSSION

As shown in Figures 4-6, implement ing the TMDL
WIPs is est imated to resul t in reduct ions from 1985
loading rates of 47% for ni t rogen, 48% for phospho-
rus, and 33% reduct ion in sediment. Between 1985
and 2005, wet atmospher ic deposi t ion loads of nit rate
have tended to decrease overall in the Chesapeake
watershed and in the Phase 5.3 domain generally.
Over that 21-year period, wet deposi t ion nit rate loads
decreased by about 30% (Figure 10) and are est i-
mated to decrease fur ther under Clean Air Act con-
t rols to about 61% of the 1985 loads by 2025 when all
the Chesapeake Bay TMDL cont rols are scheduled to
be in place (Linker et al., this issue). Dissolved inor-
ganic ni t rogen (DIN) loads, which include both
ammonia and ni t rate wet and dry deposi t ion, are
est imated to be reduced from 1985 to 2025 by
approximately 42%. The DIN reduct ions are less than
the nit rate reduct ions because the nit rate loads are
going down due to national cont rols on ai r emissions,
whereas the ammonia emissions, pr imar i ly from agri-
cul tural manure are ei ther at a constant load level or
increasing sl ight ly depending on locat ion in the
Chesapeake watershed.

Point source wastewater loads of nut r ients also
decreased over the 1985-2005 per iod (Figure 10) and

are est imated to have decreased by 57% for ni t rogen
and 69% for phosphorus compared to the 1985 loads
when the TMDL WIPs are ful ly implemented. This is
despi te the observed increase in wastewater point
source flows, because of increased populat ion,
throughout the Chesapeake watershed from 1985 to
the present (USEPA, 2010h).

Based on the t rend in Chesapeake loads between
1985 and 2005 shown in Figure 10, the greatest est i-
mated ni t rogen reduct ions are from the regulated
sources of atmospheric deposi t ion and wastewater.
L ikewise, wastewater is the greatest cont r ibutor to
the phosphorus reduct ions over the same period.

In cont rast, manure loads in the watershed are
increasing and wi th the sl ight decrease in fer t i l izer
input loads, the resul t is a relat ively flat t rend line in
combined manure and fer t i l izer nit rogen loads to
agr icultural lands (Figure 10). This needs to be recon-
ci led with the est imated load reduct ions from agr icul-
tural land uses shown in Figure 4. This can be done
by observing that if agr icul tural products are grown
more efficient ly, making greater use of the nut r ient
inputs then greater crop yields can be achieved wi th
the same input loads of nit rogen whereas associated
exports of ni t rogen to rivers would decrease.

The mass balance analysis provides insights into
the ni t rogen management importance of crop yields.
As crop uptake is a large sink and loss term in agri-
cul tural lands, double or t r iple cropping, where prac-
t icable, is one way to reconcile the relat ively steady
combined fer t i l izer and manure ni t rogen input loads
wi th the decreases seen in scenario loads from agri-
cul ture between the 1985 and 2009 Scenar ios.
Decreases in nut r ient loads are 31% for nit rogen and
21% for phosphorus est imated from agricul ture in the
1985 and 2009 Scenarios (Figure 4). Increases in
nut rient uptake diminish nut r ient expor ts to st reams
and r ivers given the same nut rient load inputs.
Another approach to reach the same end is to
increase crop yields for a given nut r ient input. Moni-
tor ing observat ions at r iver basins that are predomi-
nant ly agricultural are consistent wi th model
findings that nut r ient loads from agricul tural lands
are decreasing.

Innovat ive approaches for land use nut rient cal i-
brat ion targets in the 309 land segments were used
in Phase 5.3 to allow adjustment over the range of
li terature values for the land use by the relat ive
amount of input load applied. Automated calibrat ion
techniques and the LUG, RUG, and the ETM soft-
ware allowed the incorporat ion of changes in land
uses and management over t ime, and provided over-
all flexibil i ty and paral lel comput ing capabil i t ies in
the Chesapeake watershed simulat ion.

Separat ing land and r iver simulat ion into different
model input fi les provided flexibi l i ty and parallel

FIGURE 10. Time Ser ies of Est imated Inputs of Total Nit rogen to
the Chesapeake Bay Watershed from Atmospher ic Deposit ion,

Fer t i l izer, Manure, and Wastewater.
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processing opportuni t ies in model simulat ion. Wi th
the LUG, RUG, and ETM st ructure, each land use
simulat ion for each land segment is completely inde-
pendent of any other land or river simulat ion, and
each r iver simulat ion is dependent on only the local
land use type simulat ions and the upst ream river
simulat ions. This provides efficient model operat ions
in the complex land-r iver and river-r iver logist ics of
a large-scale watershed simulat ion (Shenk et al.,
2012).

SUMMARY AND CONCLUSIONS

The Chesapeake Bay TMDL is the largest, most
complex TMDL in the Uni ted States, cover ing a
166,000 km2 area across six states in the Mid-At lant ic
region. The Phase 5.3 Communi ty Watershed Model
was used to develop equitable, cost-effect ive, and envi-
ronmental ly protect ive water quali ty management
plans for nut r ients and sediments in the watershed
for each unique basin jurisdict ion (Linker et al., this
issue).

The large scope and complexi ty of the Phase 5.3
Community Model gave rise to a number of innova-
t ions. The Phase 5.3 Community Model includes
annual ly adjustable land uses over the 20 year simu-
lat ion per iod, uniquely adjustable land use loads
based on the level of input nut r ients, automated cali-
brat ion techniques, and a software system to
efficient ly apply large-scale parameter adjustments in
a paral lel comput ing envi ronment.

The overal l software system of adjustable land use
loads and automated calibrat ion techniques, as wel l
as the LUG, RUG, and ETM comput ing approach
provided the operat ional eff iciency requi red in a large
watershed simulat ion. For very large watershed
applicat ions, the advantages are as fol lows: (1) the
approach more easi ly al lows for large-scale parameter
adjustments during calibrat ion; (2) parallel comput-
ing operat ions become more convenient, the simula-
t ion can be ar ranged more efficient ly, and run t imes
decrease; (3) adding new land use types is easier,
enabling the model simulat ion to be more conve-
nient ly expanded, par t icularly for management
scenar ios that invest igate new and innovat ive land
use pract ices; and (4) operat ional eff iciencies al low a
more complete representat ion of more land uses and
finer segmentat ion in the r iver simulat ion.

Key scenarios, decadal t rends in nut r ient inputs,
combined with a mass balance analysis provided
insights into the changes in nut r ient fates and t rans-
por t in the watershed. From 1985 to the cur rent t ime,
the greatest reduct ions in nit rogen loads have come

from the regulated sectors of ni t rate atmospher ic
deposi t ion and point source wastewater. Fur ther
reduct ions in point source wastewater and atmo-
spher ic deposit ion of ni t rate, combined with greater
agr icultural eff iciencies in nut rient ut i l izat ion wi l l be
key drivers in the reduct ions from 1985 loading rates
of 47% for ni t rogen, 48% for phosphorus, and 33%
reduct ion in sediment est imated when the WIPS are
ful ly implemented in 2025.
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